The Chemical Hamiltonian Approach (CHA) method is applied to obtain Basis Set Superposition Error (BSSE)-free molecular orbitals at the Hartree-Fock (HF) and Density Functional Theory (DFT) levels of theory. To assess qualitatively the effect of the BSSE on the first-order electron density, we had previously applied Bader's analysis of the intermolecular critical points located on the electron density, as well as density difference maps for several hydrogen bonded complexes. In this work, Quantum Molecular Similarity Measures are probed as an alternative avenue to properly quantify the electronic relaxation due to the BSSE removal by means of distance indices between the uncorrected and corrected charge densities. It is shown that BSSE contamination is more important at the DFT level of theory, and in some cases, changes on the topology of the electron density are observed upon BSSE correction. Inclusion of diffuse functions have been found to dramatically decrease the BSSE effect in both geometry and electron density. The CHA method represents a good compromise to obtain accurate results with small basis sets.
Introduction

W
hen studying intermolecular interactions with finite basis sets, one must face the socalled Basis Set Superposition Error (BSSE) [1] . This unphysical effect is deeply related to the ab initio methods, based on the linear combination of atomic orbitals (LCAO), together with the use of the supermolecular approach. Under this approximation, the interaction energy is trivially determined as the energy difference between the complex and their isolated fragments. In the whole complex calculation, the intramolecular operators associated to each fragment can be expanded to some extent in the basis functions of the other fragments, whereas no extension is possible in the case of the isolated fragment calculation. Thus, there is an unbalance between the description of the fragments in the complex and their isolated description; such an unbalance leads to the BSSE. The importance of correcting the BSSE to obtain accurate interaction energies for weakly bound molecular complexes was recognized long ago [2] . The Counterpoise (CP) method [3] has been widely used for this purpose. The CP methodology has been generalized to obtain BSSE-corrected molecular properties, which depend on the molecular energy or its derivatives [4] . However, the CP recipe does not provide BSSEcorrected wavefunctions, and thus, no electron densities. Therefore, the electronic redistribution associated to the removal of BSSE cannot be easily analyzed within the CP framework.
In contrast, there are a number of a priori methods that allow for the correction of the BSSE in the wavefunction itself. The most important of these methods is the Chemical Hamiltonian Approach (CHA) [4 -12] , introduced by I. Mayer almost 30 years ago. The main idea in the CHA methodology is to detect and remove the terms that cause pure BSSE delocalizations directly from the Hamiltonian, so that the balance between the description of the fragments in the complex itself and their description isolated is ensured. The CHA methodology has been implemented for several ab initio methods and has been successfully tested on hydrogenbonded complexes and van der Waals systems. Moreover, it has been shown that both CP and CHA correct for BSSE in a similar way for several hydrogen-bonded complexes at the Hartree-Fock (HF), Density Functional Theory (DFT), and postHartree-Fock levels of theory, regarding both interaction energies and geometrical parameters [13] [14] [15] .
In the past, we had investigated the effect of BSSE on the electron densities of several molecular complexes [16, 17] . Using several basis sets and the BLYP and B3LYP functionals for the DFT calculations, we performed conventional and CHA calculations for the hydrogen fluoride dimer and water dimer at the HF and DFT levels of theory. For a better understanding of the effect of BSSE on these complexes, we considered the introduction of the BSSE correction as a perturbation with respect to an uncorrected calculation [16] . This is similar to the common view that electron correlation is usually considered as a perturbation with respect to a Hartree-Fock reference wavefunction (Scheme 1). According to this point of view, the unperturbed situation corresponds to a conventional uncorrected calculation (UNC//UNC). By correcting the BSSE on the electron density without allowing the geometry to relax (CHA//UNC), one can study the effects of BSSE in terms of the relaxation induced in the electronic density. Finally, reoptimizing the molecular geometry on the BSSE-corrected PES leads to the full BSSE-corrected case (CHA//CHA). The change from CHA//UNC to CHA//CHA accounts for nuclear relaxation effects. Alternatively, starting from the unperturbed density, one might first introduce the nuclear relaxation (UNC// CHA), and later the electronic relaxation to reach the fully corrected situation (CHA//CHA).
The effect of BSSE on the electron density was analyzed using the theory of Atoms in Molecules [18] , by comparing the topological properties of the intermolecular bond critical points (bcp) and ring critical points (rcp) of the densities obtained from uncorrected and CHA corrected calculations. To visualize the reorganization of the charge density taking place upon BSSE correction, we also depicted density difference maps between corrected and uncorrected densities at fixed geometry. In general, the results reported in Refs. 16 and 17 reveal that the subtle changes induced by BSSE on molecular densities are in agreement with its effects on the interaction energy and the molecular geometry. In all cases, BSSE-corrected geometry-optimized calculations lead to lower interaction energies, larger distances between the monomers, and a decrease of charge density in the intermolecular zone. Furthermore, it was found that the effect of BSSE on the density is not strictly localized within the intermolecular region. As expected, the density redistribution associated to the BSSE is found to decrease with increasing basis set size. In particu-lar, using diffuse functions has proven to be very important to minimize the BSSE.
The tools provided by AIM theory allow for a comparision of the two densities based on the properties of just one or some points of the space (critical points). The density difference maps are useful to visualize the differences in a plane but do not provide a quantitative measure of how different the two densities are in all points of the space. A better approach to quantify such differences is to use Quantum Molecular Similarity Measures [19, 20] (QMSM) between uncorrected and BSSE-corrected densities. QMSM have been extensively used in the literature for the analysis of atomic and molecular one-electron densities in a variety of contexts, namely to assess the effects of electron correlation on molecular densities [21] , to quantify the electronic reorganization taking place in several reactions [22, 23] , to analyze the quality of several basis sets [24] , to evaluate the interactions of the electron density with external electric fields or continuous solvents [25] , or even to compare contracted second-order electron densities [26, 27] .
For any system, one can define an overlap-like QMSM [19, 20] between the uncorrected density, U (r), and the CHA or BSSE-corrected density at the same geometry, C (r) as
The value of Z UC is proportional to the degree of overlap between U (r) and C (r). A normalized distance index is defined as follows:
where Z UU and Z CC and the selfsimilarities associated to U (r) and C (r), respectively. That is, the overlap of each of these densities with itself. The quantity D CU ϭ D UC in Eq. (2) is positive definite, tends to zero for the limiting case of identical electron densities, which in our case would correspond to a null BSSE and has no general upper limit. The aim of this article is to introduce QMSM as a suitable tool for the quantitative evaluation of the electron redistribution that takes place in a molecular complex after correcting for BSSE. The hydrogen fluoride and water dimers are used to introduce this kind of analysis. The effects of BSSE on the electron densities of these complexes have already been analyzed at the HF and DFT levels of theory [16, 17] . Thus, this article will briefly review SCHEME 1. Representation of the effects of the BSSE-correction on the electron density as a perturbation with respect to the conventional density. Electron relaxation effects are depicted on the vertical axis, whereas nuclear relaxation effects are depicted on the horizontal axis. The notation A//B is used to refer to a calculation with method A on a molecular geometry optimized by means of method B.
the results available before presenting the similarity-based analysis.
Computational Methods
The details of the CHA methodology have been widely discussed in the literature (see Ref. [28] for a recent review). Briefly, the aim of the CHA is to detect and remove those intermolecular contributions that cause the BSSE from the Hamiltonian, yet keeping all the true interaction terms. Within the Hartree-Fock approximation, a non-hermitian CHA Hamiltonian is introduced using appropriate projectors, which leads a modification of the original one-and two-electron integrals on the atomic orbital basis. The CHA canonic orbitals can be obtained by solving a set of self-consistent equations in usual matrix form as eigenfunctions of a nonhermitian CHA Fockian operator. A second approach is to apply the CHA modifications directly on the blocs of the conventional Fock equations, keeping the one-and two-electron integrals unchanged with respect to the original HF method. These two approaches are denoted as CHA-SCF [4 -6] and CHA/F [8] , respectively. In principle, CHA/F can be considered as an approximation to the CHA-SCF method, although it has been found that both approaches yield very similar results. The advantage of the CHA/F scheme is that it can be easily applied to the DFT case to obtain analogous BSSE corrections on Kohn-Sham calculations, CHA/DFT [9] .
The only data required for the QMSM analysis are the one-electron densities of the systems. Conventional electron density calculations were performed by means of Gaussian 94 [29] , whereas the CHA/F and CHA/DFT calculations were carried out by using a modified version of Gaussian 92 [30] . For each molecular complex studied, we carried out both uncorrected and CHA calculations at the HF and B3LYP levels of theory using several standard Pople basis sets. The CHA calculations have been performed both at the uncorrected and BSSE-corrected optimized geometries, the later case obtained by numerical gradient optimization.
To assess quantitatively the effect of BSSE on the electron density of each molecule, uncorrected and CHA-corrected densities ( U (r) and C (r), respectively) in this article are compared by means of overlap-like similarity measures and indices. All similarity calculations are performed between molecular densities at the same molecular geometry (both the conventional and BSSE-corrected geometries have been used). Therefore, similarity measures and indices account merely for the electronic relaxation effects associated to the BSSE. The reported values of the similarity measures calculated at the (conventional) uncorrected geometry reflect the UNC//UNC 3 CHA//UNC path in Scheme 1, whereas the values computed at the (CHA) BSSEcorrected geometry account for the UNC//CHA 3 CHA//CHA electronic relaxation step.
The water and hydrogen fluoride dimers are taken as examples of simple hydrogen-bonded systems, where correction of the BSSE plays an important role in the calculation of accurate interaction energies and molecular geometries. This is especially important for the hydrogen fluoride dimer, where the molecular geometry [13] (cyclic or linear) and atomic connectivity [16] depend upon the level of calculation and correction of BSSE.
Results and Discussion
WATER DIMER
All calculations refer to the trans-linear water dimer, having C s symmetry and a single H bond between the two water molecules. Although the general structure and molecular connectivity are preserved for all calculations, the level of theory, basis set, and BSSE correction have a significant impact on the molecular geometry. Three different parameters are normally used to describe the molecular geometry (see Scheme 2a). rOOO is the distance between the two oxygen atoms, ␣ is the angle formed between the H participating in the H bond and the OOO axis. The magnitude of this angle is usually small (less than 10°) so the H atom is located very close to the OOO axis. ␤ is the angle formed between the OOO axis and the molecular plane of the acceptor H 2 O moiety. The experimental values for rOOO, ␣, and ␤ are 2.946 Å, 2°Ϯ 10°, and 113°Ϯ 10°, respectively [31] .
Geometrical parameters, interaction energies, and electron density descriptors for several combinations of level of theory and basis set, with and without BSSE correction have been reported and studied in detail in Refs. 13 and 17. To summarize, the rOOO distance has been found to be longer at the HF than at the B3LYP level of theory, the effect of increasing the basis set size being to lengthen the rOOO bond. Correcting the geometry for BSSE also yields systematically larger rOOO distances. At both levels of theory, results for an extended basis set like the 6-311ϩϩG(3df, 2pd) show that when the complete basis set limit is approached, the corrected and uncorrected geometrical parameters tend to converge to the same values. Interaction energies are systematically overestimated by the conventional HF and DFT calculations, even though this overestimation is progressively diminished as the basis set size is increased. Correcting for BSSE always decreases the magnitude of the interaction energy.
For all calculations, the water dimer maintains the same molecular connectivity with and without BSSE correction. Thus, a bcp corresponding to an intermolecular H bond is always observed between the two water monomers, and the value of the density, bcp (r), is characteristic of a strong OOH⅐⅐⅐O hydrogen bond [32] . The positive value of the Laplacian of the density at the bcp, ٌ 2 bcp (r), indicates that the interaction might be classified as closed-shell (ionic) type. This is at odds with some experimental and theoretical data, which suggest that H bonds should be considered at least partially covalent [33, 34] . The bcp (r) and ٌ 2 bcp (r) values are nearly unchanged after correcting for the BSSE without reoptimizing the molecular geometry. Only ٌ 2 bcp (r) displays significant changes. However, there is no definite trend for the effect of BSSE correction. In general, the BSSE correction leads to larger ٌ 2 bcp (r) values for the smaller basis sets (6-31G and 6-31G(d,p)), and to smaller values for the rest of basis sets. By comparing the uncorrected and BSSE-corrected densities at fixed geometry, it can be observed that the BSSE induces important density redistributions in the vicinity of the two O atoms involved in the H-bond, as well as an exaggeration of the density in the intermolecular region. Table I collects all distance indices (D CU ) obtained from the comparison of conventional and CHA densities by means of overlap similarity measures, for all combinations of level of theory and basis set. For each case, the comparisons have been carried out both at the conventional and BSSE-corrected optimized molecular geometries. First of all, it is worth to mention that the values of the selfsimilarity and similarity measures are very similar going from one basis set to another. For this system, the values are within 162.5 Ϯ 0.5. Thus, the distance values can be safely considered as an absolute measure of the deviation between the uncorrected and BSSE-corrected densities. In all cases, the D CU values are very small compared with the showing that BSSE is in fact a subtle error, which leads only to small deformations of the electron density. The same trends are found for the comparisons at the conventional and CHA geometries. However, D CU values are always slightly larger at the uncorrected geometries, both for HF and B3LYP calculations. By considering the electronic and relaxation redistributions caused by the CHA correction as perturbations with respect to a conventional calculation (Scheme 1), one can think that at the conventional geometry CHA tends to exaggerate the density redistribution needed to correct the BSSE. In contrast, SCHEME 2. Geometrical parameters for the water dimer (a) and the hydrogen fluoride dimer for the linear (b) and cyclic (c) structures.
at the CHA optimized minimum, nuclear relaxation may account for the major part of the BSSE correction. Therefore, the density redistribution associated to the BSSE correction is less important in this case. Altogether, this trend confirms the importance of BSSE corrections to the molecular geometry for a proper description of this kind of hydrogen-bonded complexes.
For the HF and B3LYP calculations, the D CU values at the conventional and CHA geometries tend to decrease upon increase of basis set size, in agreement with the corresponding decrease of the error in the interaction energies. In fact, the inclusion of diffuse functions and high order polarization functions in the basis set appears to be the main factor for decreasing D CU . For instance, at the HF level of theory, D CU is about 0.004 for all the basis sets without diffuse functions, 0.003 for the 6-31ϩϩG(d,p) basis set, and 0.0009 for the 6-311Gϩϩ(3df,2pd) basis set. Similar trends are found at the B3LYP level: D CU lies between 0.006 and 0.008 for basis sets without diffuse functions, whereas it is about 0.003 for 6-31ϩϩG(d,p), and about 0.0015 for the largest basis set. It is interesting to note that the distance index shows that the BSSE effects are larger for the 6-31G(d,p) basis set than for the smallest 6-31G, which is in agreement with the observation that the BSSE effect on the geometry of the complexes is often decreased when using very small bases set with marked atomic character [13] . Finally, it is also apparent that according to the distance indices obtained the effect of BSSE on the electron density is larger for DFT calculations compared with the HF ones.
It is worth to mention that the effects of BSSE on the electron density of the water dimer have also been investigated using the so-called SCF-MI [35, 36] BSSE correction method at the HF level of theory. Gatti and Famulari [37] analyzed the effect of BSSE on atomic energies, atomic populations, and charge transfer and also presented density difference maps between conventional and BSSE-corrected densities. The results reported by Gatti and Famulari using a fairly large basis set are generally in qualitatively good agreement with our results for the 6-311ϩϩG(3df,2p) basis set. However, the conventional and BSSE-corrected interaction energies reported suggest that there is a residual BSSE error even for very large basis sets. This behavior differs meaningfully from the trends exhibited by the CP and CHA approaches [13, 14] , where corrected and uncorrected interaction energies tend to converge to the same value for large basis sets, thus suggesting that SCF-MI clearly overestimates the BSSE effects.
HYDROGEN FLUORIDE DIMER
Two different molecular connectivites can be obtained for the hydrogen fluoride dimer depending on the combination of level of theory and basis set used. The first one is a linear structure with a single H bond between the two molecules [Scheme 2(b)]; the second one corresponds to a cyclic structure bearing two H bonds [Scheme 2(c)]. In both geometries, ␣ and ␤ stand for the angles formed between the FOF axis and the FOH axis of the H-donor and acceptor molecules, respectively, whereas rFOF denotes the distance between the two fluorine atoms. The experimental geometry [38] corresponds to a linear structure, with values of 2.72 Å for rFOF, and 10°Ϯ 6°and 117°Ϯ 10°for ␣ and ␤, respectively. In fact, the cyclic structure should correspond to the transition state connecting two equivalent linear geometries. However, when using basis sets without diffuse functions together with ab initio methods, such as DFT and MP2, only the cyclic structure is found to be a minimum [13] . These pitfalls cannot be attributed to a wrong behavior of the DFT functionals or the MP2 method because BSSE correction or improvement of the basis always leads to linear structures.
At the HF level of theory, the observed trends upon BSSE correction on geometrical parameters, interaction energies, and electron density descriptors are similar to those observed for the water dimer. The optimized values of both ␣ and ␤ angles for a number of Pople basis sets are typical of linear structures are obtained, even though using widely used basis sets such as 6-31G(d,p) and 6-311G(d,p) their values deviate significantly from the experimental values. The BSSE correction reverses this situation, leading to structures closer to experimental values. Again, the effect of either correcting for BSSE or increasing the basis set size is also to increase the intermolecular distance rFOF, whereas the intramolecular distances remain nearly unchanged.
For the linear structure, the topology of the electron density is always consistent with a single FOH bond between the two monomers. The values bcp (r) and ٌ 2 bcp (r) at the intermolecular bcp as well as the large distance of the latter to the Hacceptor F atom are typical of closed-shell weak interactions. The effect of the BSSE correction on the intermolecular bcp at fixed geometry is again very small. In general, the BSSE correction leads to a slight displacement of the bcp toward the F atom of the H-acceptor molecule, a decrease of electron density, and an increase of charge depletion at the bcp.
The influence of the BSSE on the molecular geometry of the hydrogen fluoride dimer is much more important at the DFT than at the HF level of theory. For instance, B3LYP calculations with basis sets without diffuse functions, namely 6-31G, 6-31G(d,p) and 6-311G(d,p), yield cyclic structures, whereas the corresponding CHA/DFT calculation lead to the expected linear geometries. In fact, BSSE has been found to cause similar changes on the topology of the PES of other weakly bound hydrogen-bonded complexes [13, 39] . By optimizing the molecular geometry with a BSSE-correction method, one can predict qualitatively correct structures and interaction energies with relatively small basis sets.
The effects of the electron relaxation induced by BSSE correction (UNC//UNC 3 CHA//UNC) are quite complex. First of all, one must take into account that different molecular structures and bonding patterns exist at the B3LYP level of theory [16] . For uncorrected calculations, cyclic geometries are obtained for basis sets without diffuse functions, although the electron density exhibits a cyclic topology, that is, presence of an intermolecular rcp only for the 6-31G basis set. It is important to note that by taking into account only the electronic relaxation upon BSSE-correction, the topology of the intermolecular critical point is already modified and all CHA densities computed at the uncorrected the cyclic geometries exhibit a single intermolecular FOF bcp. The dependence of the molecular geometry and topology of the density on the basis set and BSSE correction adds an additional difficulty for the analysis of the critical points because the electron density is very flat in the intermolecular region of this complex. Therefore, a more reliable quantification of the BSSE effects is again obtained with the QMS measures. Table II gathers the distance indices corresponding to the comparisons between corrected and uncorrected densities for all of the combinations of level of theory and basis sets. For this system, the values of the selfsimilarity measures are again fairly independent of the basis set and lie within the range 239.5 Ϯ 0.5. The distance indices obtained are in general similar to those obtained for water dimer, confirming that the electron redistribution associated to the CHA perturbation is minor. Taking into account that the distance index between the uncorrected HF and B3LYP densities of the hydrogen fluoride dimer at the HF fixed geometry is 0.0277, one can see that the electron redistributions due to the elimination of the BSSE are comparable to those caused by electron correlation [15] .
At the HF level, the distance indices indicate, in general, larger BSSE effects in the case of the hydrogen fluoride dimer, even taking into account that the reference selfsimilarity values for this complex are larger than for the water dimer. This was not obvious comparing geometry effects and topological properties of the density. In the case of the DFT densities, the distance indices are an order of magnitude larger for the hydrogen fluoride dimer, which explains the large effect in the electron density topology and, in turn, in the geometry of this complex.
Regarding the dependence of the distance indices on the level of theory, basis set, and molecular geometry, the trends are the same as found for the water dimer. Distances between corrected and uncorrected densities are always larger at the B3LYP level of theory. Moreover, distances calculated at minima on the uncorrected PES are always larger than the equivalent distances at the CHA minima. This is clearly observed when the BSSE-correction induces a change from cyclic to linear structure, but also in the cases when the molecular connectivity is preserved upon BSSE-correction.
Finally, the distance indices tend to decrease when improving the quality of the basis set. It is interesting to see that the distance index decreases going from 6-31G to 6-31G(d,p) and 6-311G(d,p) calculations, for which the cyclic geometry is obtained in the uncorrected PES. A distance value in the order of 0.01 seems to be indicative of a possible change of topology for these weakly bound systems. Again, diffuse functions appear to be very important to minimize the BSSE on the density.
Conclusions
The effect of the BSSE on the electron density of two prototypical weakly bound molecular complexes has been evaluated by comparing electron densities obtained with conventional ab initio HF and DFT methodologies and the corresponding CHA/F and CHA/DFT methods, which correct the BSSE in the wavefunction itself. We had used in the past several approaches to assess the subtle differences between conventional and CHA densities, namely the properties of the associated critical points with and without BSSE correction or density difference maps. In this work, we show that a better way to quantify the extent of the BSSE effects can be obtained by means of similarity measures and indices. Overall, the distance indices for the studied complexes are in agreement with the analyses of the critical points and the density difference maps and provide a quantitative measure of changes caused by correction or removal of BSSE.
In general, all the analyses performed show that the effects of BSSE on the electron density are parallel to those on the molecular geometry and interaction energies. Improvement of the quality of the basis set always leads to smaller differences between conventional and CHA molecular properties and densities. The inclusion of diffuse functions is of particular importance for minimization of the BSSE. The same trends are found at the HF and DFT levels of theory. However, distance indices reveal that the effects of BSSE on the electron density are normally larger for the DFT than for the HF calculations. The distance indices are always larger at minima optimized at the uncorrected PES, which emphasizes the need for a proper determination of the BSSE-free optimized geometries when studying intermolecular complexes.
The CHA method has been found to be effective for removing the BSSE and shows a proper asymptotic behavior upon increase of the basis set size. In conclusion, Quantum Molecular Similarity has been found to be useful for evaluating quantita- 
